Abstract
Introduction
The last few years have seen rapid development of surface exposure dating using the cosmogenic radionuclides 10 Be, 26 Al, and 36 Cl [1] [2] [3] . Less work has been done with stable cosmogenic isotopes such as 3 He and example, quartz [5] and feldspar [6] leak helium at 20°C, while biotite and hornblende commonly have 10s of ppm of Li [7] , which can yield substantial nucleogenic 3 He over time. These factors have restricted surface exposure dating using 3 He almost exclusively to young basalts bearing olivine or pyroxene phenocrysts (e.g., [4, 8] ).
More recently other mineral phases have come under investigation for 3 He-based exposure dating, including garnet [9] and magnetite [6] . Here we expand on this work by establishing a framework for surface exposure dating using cosmogenic 3 He in three accessory phases: apatite (Ca 5 (PO 4 ) 3 F), titanite ("sphene", CaTiSiO 5 ) and zircon (ZrSiO 4 ). These minerals are ubiquitous and retain He under earth surface conditions [10] . Cosmogenic 3 He has been detected in igneous apatites from the Dry Valleys of Antarctica, and in fossil tooth enamel apatite [11] , but there appear to be no reports of cosmogenic helium in titanite or zircon. Here we describe results from a 2.7-m long depth profile of 3 He measurements in these three phases. Our goal is to establish that cosmogenic 3 He is present in these minerals, to assess the mechanism by which it is produced, and to obtain an estimate of the 3 He production rates. We then consider several factors which may complicate cosmogenic dating of these phases.
Samples and methods
We analyzed samples from a core drilled into a thick ignimbrite on the Bolivian Altiplano. The ignimbrite was selected for its high abundance of apatite, titanite, and zircon, plus quartz for 21 Ne measurement. The ignimbrite was sampled at 18°15.694′ S, 68°14.702′ W, elevation 3843 m. It likely corresponds to sample 90BR037 reported by du Bray et al. [12] , who provide major element data for this ignimbrite. As discussed below, it is Miocene in age and has an apparent exposure age based on 21 Ne in quartz of ∼ 100 kyr, indicating significant erosion. The ignimbrite is a moderately welded rhyolite ash-flow forming a laterally extensive, flat, continuously exposed surface. A total of 2.7 m of core was drilled in sections ranging in length from 2 to 40 cm, with drilling-related loss of approximately 40 cm from the lower two-thirds of the core. Depths above 150 cm are exact to ±5 cm, and depths below are exact to ±10 cm. Core sections were cut into 2-4 cm pieces, from which 13 samples were processed for heavy minerals.
Segments of core totaling 2 to 10 cm in length were crushed to pea-gravel size, and apatite, titanite and zircon were purified using standard heavy liquid and magnetic techniques. The resulting apatite separate was visually pure and aliquots were analyzed without further preparation. The analyzed grains were generally small (∼ 50 μm in cross-section) and were a mixture of euhedral crystals and fragments. The titanite separate was sieved at 150 μm, and the coarse fraction was handpicked to exclude contaminants. The average cross-section of the analyzed grains was 250 μm; most were fragments of originally larger grains. The zircon separate was heavily contaminated with titanite, so it was placed in a mixture of 2:1 concentrated HF/HNO 3 and heated to boiling in an open beaker for 1 h. The acid was replaced with concentrated HCl and heated for an additional hour. This heating will not release He from zircon [13] . The resulting separate was found to be pure zircon. Individual euhedral grains averaging ∼ 110 μm in cross-section were handpicked and analyzed. After these samples were analyzed we recognized a possible role of grain size on the cosmogenic 3 He production rate, so for one sample (D1_D2) we obtained a second zircon sample and sieved it into two size fractions. Based on measurements of at least 100 grains the mass-weighted mean grain cross section of the coarse fraction was 91 μm, and for the fine fraction, 53 μm. Most but not all grains were euhedral prisms rather than fragments.
Helium was extracted by laser heating of 2 to 10 mg of separate contained in 6-mm lengths of 3-mm OD Pt10%Ir tubing (Johnson Matthey Medical P/N 10170). Prior to use the tubing was annealed and degassed by invacuum laser heating to incandescence. Each length of tubing can hold about 2 mg of separate, so larger aliquots were divided among multiple tubes. After loading, the tube ends were crimped and the aliquots were placed into a vacuum chamber below a sapphire viewport. Following 12 h of evacuation each aliquot was heated with a Nd-YAG laser to ∼ 1300°C for 15 min. During this period the laser power was controlled by monitoring the brightness of the packet to maintain the desired temperature, and the beam was rastered across the tubes to ensure uniform degassing. All helium is extracted from these minerals at this temperature [10] as confirmed by a second heating and analysis of several samples. The evolved helium was purified, cryofocussed, and separated from Ne using standard procedures at Caltech [14] . The helium was admitted into a MAP 215-50 mass spectrometer and the two isotopes analyzed by peakjumping. 3 He was detected on a pulse-counting electron multiplier.
Laser extraction blanks were close to the detection limit for 3 He (∼ 3000 atoms) and were <2 × 10 9 atoms for 4 He. In all cases the 4 He blanks were negligible (< 1%). The 3 He blank was ≪ 1% for most samples, reaching a maximum of 5% on the samples from deepest in the core. The 3 He abundance was determined by peak height comparison with gas standards. Linearity of 3 He peak heights was established by analyzing standards of known size; these standards encompassed the amount of 4 He present in the mass spectrometer during sample analyses. Analytical uncertainties for 3 He concentration were computed from the observed reproducibility of standards of comparable beam size, added in quadrature to the uncertainty in the blank correction (assumed to be 100%).
Quartz samples for neon analysis were crushed to 0.4-1 mm cross-section and leached in dilute HCl to eliminate feldspars. The leached material was inspected with a binocular microscope at Harvard and grains with obvious inclusions were rejected. Aliquots of between 130 and 214 mg of quartz were wrapped in tantalum foil and loaded in a vacuum furnace in the noble gas laboratory at Harvard. The furnace was pumped and baked for 36 h at 120°C, except for the sample arms, which were kept at ∼ 45°C for 12 h. After completion of the bakeout the furnace was pumped until the neon blanks stabilized (usually within 2-4 days). After heating for 15 min, evolved gases were purified by sequential exposure to SAES getters at 450°C and room temperature. Neon was adsorbed on a cryogenic cold finger at 33 K, released at 74 K, and inlet to the mass spectrometer. Neon isotopes were measured with the Nu Noblesse mass spectrometer at Harvard (Mukhopadhyay, in preparation). All three neon isotopes were measured on electron multipliers operating in pulse-counting mode. The Ar ++ /Ar + ratio was 0.088 ± 0.001 and was independent of Ar, CO 2 , and H 2 partial pressures. The CO 2 ++ / CO 2 + ratio was found to be dependent on both CO 2 partial pressure and the H 2 partial pressure. As a result H 2 was monitored during each analysis. For typical operating conditions CO 2 ++ /CO 2 + was ∼ 0.007. Neon abundance and isotopic ratios were determined by comparison to air neon. The 1σ variation of standards the same size as the samples was 0.3% for 20 Ne, 0.4% for 21 Ne/ 20 Ne ratios, and 0.2% for 22 Ne/ 20 Ne ratios. Typical furnace blanks for 20 Ne were ∼ 4.5 × 10 7 atoms at 1500°C and 1.4 × 10 7 atoms at 600°C. Because we used tantalum foil to wrap the samples, neither the foil wrapper nor the sample melted. As a result, blank values remained low and fairly constant over the course of the run. Typically, each 1500°C temperature step for a sample was followed by two blanks at 1500°C
. Uncertainties for blank corrections were computed from the reproducibility of the blanks bracketing the sample. Reported uncertainties reflect both the reproducibility of the standards and the uncertainties in the blank correction. The uncertainties in the measured values are dominated by uncertainties in the blank correction. Cosmogenic 21 Ne concentrations were calculated assuming a two-component mixture of cosmogenic and air neon.
A single 5 grain aliquot of apatite from segment C3_C4 of the core was analyzed for U and Th using procedures developed for (U-Th)/He dating [10] . By combination with the measured 4 He in the apatites, these concentrations provide a (U-Th)/He (eruption) age for the ignimbrite.
Ignimbrite density was estimated through standard liquid paraffin techniques wherein samples are weighed, coated with liquid paraffin, reweighed and then immersed in water for volume determination [15] . Ten samples distributed along the length of the core were analyzed, with a resulting density and standard deviation of 1.68 ± 0.12 g/cm 3 .
Results
3 He and 21 Ne results are presented in Table 1 and Fig.  1 . Full isotopic data are included in the supplementary material. In all three accessory phases the 3 He concentrations decrease systematically down-core, with surface concentrations of about 75-110 Matoms/g decreasing to 7-10 Matoms/g at 250 cm depth. In contrast to 3 He, the 4 He concentrations are essentially uniform with depth. Mean 4 He concentrations averaged across all core segments are 0.48 nmol/g in apatite, 2.7 nmol/g in titanite, and 11 nmol/g in zircon. Coupled with the apatite U and Th concentrations of 7 and 41 ppm respectively, the He concentration implies an α-ejection corrected (U-Th)/He age for the ignimbrite of about 7.5 Ma. 3 He/ 4 He ratios correlate with depth and mineral phase, and range from a maximum of ∼ 3 × 10 − 7 in the shallowest apatite sample to a minimum of ∼ 1 × 10 − 9 in the deepest zircon sample.
If the 3 He in these samples is cosmogenic and is predominantly produced by a single mechanism (e.g., neutron spallation), then the depth profiles will obey the relationship C =C o e −ρZ/Λ where Λ is the attenuation lengthscale of cosmogenic production, C o is the surface concentration, Z is sample depth and ρ is rock density. Fig.  2 shows that when ln C is plotted against ρZ, all three phases display highly linear relationships consistent with this equation. Table 2 shows the results of an errorweighted least squares fit to each of these arrays. The resulting best fit Λ values are the same within error for apatite, titanite, and zircon. Taken together the three phases define an error-weighted mean Λ for 3 He production at this site of 180 ± 11 g/cm 2 (all errors presented here are 2σ). These fits also allow estimation of C o , the concentration of 3 He expected in each phase at the top of the core (Table 2) . From these estimates the relative concentration of 3 He in each phase can be deduced. As shown in Table 2 , relative to an apatite 3 He concentration of 1, the concentration in titanite is 0.86 ± 0.08 and in zircon is 0.76 ± 0.08. Fig. 3 shows that the Ne isotopic compositions of the quartz samples plot on a linear array bounded by atmospheric Ne and the previously proposed cosmogenic Ne composition in quartz [16] . Based on this relationship we deconvolved the 21 Ne into atmospheric and cosmogenic components. In the several samples that were stepheated, all steps contained cosmogenic 21 Ne, so we consider only the total for these samples. Cosmogenic Ne accounted for between 13% and 90% of the 21 Ne in the samples. Cosmogenic 21 Ne ( 21 Ne c ) concentrations range from about 2 to 17 Matoms/g, decreasing with depth just like the 3 He (Fig. 1 ). This similarity is further reinforced in Fig. 2 , where ln 21 Ne c is highly linear with depth and yields a very similar attenuation length scale to that observed for 3 He (Table 2 ).
Discussion
He and Ne isotopic data from this core have a number of implications for cosmic ray exposure dating using 3 He in apatite, titanite, and zircon. Here we establish the probable sources of 3 He and indirectly calculate the cosmogenic 3 He production rate by reference to the known production rate of 21 Ne in quartz. The 21 Ne concentrations in the core behave as expected for cosmogenic Ne (Fig. 2) . Based on the 21 Ne c value extrapolated to the top of the core, a production rate at sea level and high latitude (SLHL) of 20.3 ± 3.7 atoms/g/yr [17] , and the scaling model of Lal [2] , the apparent age of the sampled surface assuming no erosion or cover is 104 ± 21 Ne c in quartz as a function of depth in the ignimbrite drill core. Plotted uncertainties are 2σ.
22 kyr. The best fit attenuation length scale of Λ =178± 16 g/cm 2 is slightly higher than previous work on other cosmogenic isotope systems, which indicate an attenuation length-scale of cosmic ray neutron reactions of 150 to 170 g/cm 2 [4, [18] [19] [20] [21] . Our slightly higher value is consistent with the harder cosmic ray energy spectrum expected at the higher elevation and lower latitude of the Bolivia site compared to the reference values. There is no evidence of a significant contribution of cosmogenic components with longer attenuation lengths (e.g., from muons), nor of any non-cosmogenic component other than atmospheric neon.
The data presented in Figs. 1 and 2 provide strong evidence that the 3 He measured in the accessory phases is also exclusively produced by cosmic ray interactions. Most notable is the strong linearity of the 3 He profiles in Fig. 2 , and their similarity in attenuation length both to each other and to the unambiguously cosmogenic 21 Ne c . The absence of systematic residuals to the fits in Fig. 2 suggest that non-cosmogenic He, e.g., in fluid inclusions or from neutron reactions on 6 Li, are negligible. Therefore we believe that all 3 He in these samples is in fact cosmogenic, and given the attenuation lengthscale, is overwhelmingly the product of neutron spallation.
Based on the C o values for 21 Ne c in quartz and 3 He in the three accessory phases, we can estimate the cosmogenic 3 He/ 21 Ne c production ratio for this locality: 4.3, 4.8, and 5.5 for zircon, sphene, and apatite respectively ( Table 2) . Again taking Niedermann's [17] value for the 21 Ne c production rate in quartz, we infer apparent SLHL production rates of 3 He of 87, 97, and 112 atoms/g/yr in zircon, titanite and apatite, respectively. The 2σ He in apatite, titanite and zircon and cosmogenic 21 Ne c in quartz plotted as a function of the product of density and depth. Regression lines through results for each mineral phase are plotted. All four arrays are highly linear and consistent with an attenuation lengthscale of 180 g/cm 2 . Surface concentrations were obtained by extrapolation of depth profile, Fig. 2 .
uncertainty on the apparent production rates is about 20%, arising in equal proportions from the uncertainty in the 21 Ne c production rate and from the 3 He/ 21 Ne c ratios inferred from the core. We refer to these as apparent production rates because they may not reflect true in-situ production rates for reasons discussed below.
For comparison Table 3 presents predicted 3 He production rates in common minerals and a rock of granitic composition. These production rates are based on published element-specific rates [20, 22] . For elements not compiled in [20, 22] , we estimated elemental production rates via an empirical linear correlation between the tabulated production rates and the log of the atomic number (obtained values: 136, 118, 92, 71, 59, 8 atoms 3 He/g/yr for F, Na, P, K, Ti and Zr, respectively). For elements other than Zr we would obtain almost the same value by using the production rate linearly interpolated between neighboring elements. There is greater uncertainty for Zr because it has a much higher atomic number than the elements tabulated [22] , so the predicted rate for zircon should be interpreted cautiously. The purpose of this tabulation is not to argue for any specific production rate, but to illustrate some of the issues raised by our data.
The apparent production rates measured in the Bolivian core are in reasonable agreement with these predictions. However, one important factor that must be considered is that the production rates in these phases are all significantly lower than in common rock-forming minerals (Table 3 ). This occurs because the accessory phases have higher concentrations of high Z elements (Ca, Ti, Zr) that produce smaller amounts of cosmogenic 3 He than low Z elements. After the analyses plotted in Figs. 1 and 2 were performed we realized that the distinction in production rate between the analyzed minerals and their host rock could have important consequences that cause the apparent production rates (those actually measured) to differ from those produced in the pure mineral (which we here refer to as in-situ rates).
The distinction between apparent and in-situ production rates arises from redistribution of high energy spallation products within the crystals in a rock. The energy spectrum of spalled 3 He (and 3 H, which decays to 3 He and typically accounts for half to a third of cosmogenic 3 He production [6] ) is not well known, but is likely to be broad and have a maximum of many MeV [23] . Such energies are high enough that nuclei produced in one crystal may come to rest in another. For example, a spalled 3 He nucleus with 10 MeV of kinetic energy has a range of Fig. 3 . Neon isotopic data for quartz. All samples plot on the line connecting the air composition with that of pure cosmogenic neon in quartz. This relationship validates a two-component deconvolution for the calculation of cosmogenic 21 Ne c in these samples. Note: predicted production rates are based on element specific production [22] as described in the text.
nearly 50 μm in common minerals, while a 3 H nucleus of the same energy has a range of almost 200 μm [24] . In the case of the accessory minerals investigated here, these ranges are similar to crystal dimensions. If the cosmogenic production rate inside the crystal and in its host are identical, then import and export of 3 He (and 3 H) will be in balance and the effect can be ignored. However for trace minerals with lower in-situ 3 He production rates than the common constituents of the host rock (see Table 3 ), the apparent production rate will lie between the in-situ production rate of that mineral and that of its host phases.
The relevant variables that dictate the apparent production rate are the in-situ production rates, and the ratio of the stopping range of the spallation nucleus to the dimensions of the crystal. If this ratio is large, there will be substantial implantation or ejection. This problem is analogous to α-ejection in (U-Th)/He dating, and can be approached using the same mathematical formulations. Fig. 4 shows this effect as a function of the ratio of the stopping range (S) to the crystal radius (R) and was computed by combining the α-ejection expression for a sphere [25] with the analogous formula for α implantation into a sphere [26] : P a ¼ P i ½1−0:75ðS=RÞ þ 0:625ðS=RÞ 3 þ P h ½0:75ðS=RÞ − 0:625ðS=RÞ 3 ð 1Þ
Here P a is the apparent production rate and P i and P h are the in-situ production rates in the mineral of interest and its host. To make the example concrete the calculation assumes the theoretical production rates shown in Table 3 , in particular assuming a host of granitic (or rhyolitic) composition. These assumptions are only meant to be illustrative. The important features of Fig. 4 are 1) if (S/R) exceeds 2, then all the 3 He must be implanted and the apparent production rate is that of the host; 2) As S/R approaches zero, the apparent production rate approaches that of purely in-situ production. When S and R are comparable, the exact grain size analyzed controls the apparent production rate. For example, in the case of zircon, a factor of 2 decrease in grain size from S/R = 0.5 to S/R = 1.0 would lead to a 20% increase in the apparent production rate. The comparable effect is only 8% for apatite because the in-situ production rate in apatite and host are fairly similar. Accurate calculation of the effect is more complex than illustrated here because there will be a range of spallation energies from different target elements and thus a range in S values (further compounded by the different stopping ranges expected for 3 He and 3 H). The fact that the measured apparent production rates differ among apatite, titanite and zircon (Table 3) demands that S/R does not exceed 2, i.e., not all 3 He is implanted. Given that the grain size of these minerals is of order R ∼ 75 μm, this observation implies an effective value for S of less than ∼ 150 μm, probably significantly less.
The single experiment on size-sorted zircons of fraction D1_D2 (Table 1) indicates a decrease in 3 He concentration from 64.4 to 63.7 to 55.7 Matoms/g as massweighted mean grain size increases from 53 to 91 to 111 μm, respectively. The 3 He concentrations differ only slightly beyond 2σ uncertainty, but imply an Fig. 4 . Relationship between stopping range of spallation 3 He or 3 H (S) and the radius of the grains (R) being analyzed. Dashed line indicates production rate assumed for granitic host rock. In-situ production rates for apatite, titanite, and zircon are as shown in Table 3 . Implantation from the host causes apparent 3 He production rates to lie on the indicated curves.
increase of about 14% for a doubling in (1/R). This is in good agreement with the zircon trajectory in Fig. 4 for values of S/R less than 2. A detailed analysis of unbroken size-sorted grains is required to further quantify the role of grain size on apparent production rate, and in particular to evaluate the effective stopping range S for spallation 3 He. Regardless, the two messages of Fig. 4 are that grain size is likely to influence the apparent production rate, and the magnitude of the effect is about ± 10% across a very large range in grain size (slightly more for zircon, substantially less for apatite and titanite). From a practical perspective high precision surface exposure dating of these phases may require analysis of size-sorted grains both for calibration and chronometry. Nevertheless the apparent production rates in Table 2 are likely to be broadly applicable because they were obtained on size fractions typical of the grain sizes found in common rock types.
In the case of the Bolivian core the evidence suggests that all 3 He is cosmogenic, but this may not be a general result. The 3 He concentration of a mineral reflects the sum of cosmogenic and non-cosmogenic (nuclear, fluid inclusion) components:
where P c apparent cosmogenic 3 He production rate T e apparent surface exposure age P n in-situ nucleogenic 3 He production rate (from 6 Li) F n fraction of in-situ nucleogenic 3 He production retained by crystal P n,h nucleogenic 3 He production rate in host rock (from 6 Li) F i fraction of host nucleogenic 3 He production injected into crystal P SF spontaneous fission 3 He production rate F SF fraction of spontaneous fission 3 He retained by crystal T r accumulation period for nucleogenic/fissiogenic helium = (U-Th)/He age 3 He o initial (non-nucleogenic) 3 He, e.g., in fluid inclusions
To obtain reliable exposure ages the first term of this equation must either greatly exceed the sum of the second two terms, or the sum must be determined independently (e.g., on an unexposed sample). Here we consider the probable magnitude of the non-cosmogenic components.
Studies of cosmogenic 3 He in olivines from basalts highlight the fact that mantle 3 He can be carried in fluid inclusions. This excess- 3 He can be removed prior to analysis by crushing the olivines sufficiently small (typically < 100 μm) that the inclusion gas is released [27] . Inclusion 3 He is unlikely to be a problem for cosmogenic dating of apatite, titanite and zircon. The most common lithologies we wish to exposure date spend extensive periods in magma chambers. Such bodies outgas and cool sufficiently slowly that inclusion-borne gas is lost from crystals both by diffusion and by inclusion annealing. In addition, crystals of accessory minerals are already so fine that inclusions likely carry only a small amount of 3 He, i.e., the crystals are already smaller than the size to which olivines are crushed to release inclusion gas. This component may nevertheless be important when the cosmogenic 3 He concentration is low. A concern unique to determination of cosmogenic 3 He in U-rich phases is the production of 3 He from fission. Spontaneous binary fission of 238 U does not produce 3 He. However, ternary fission occurs in about 1 in 500 fission decays, and about 5% of ternary decays emit a 3 H nucleus [28] . Using these figures and a spontaneous fission half life of 8 × 10 15 years, the instantaneous production rate of 3 He from fission, Psf = 2 × 10 − 5 atoms 3 He/g/ppmU/yr. The 3 H nuclei are emitted from the fissioning nucleus with a mean kinetic energy of 8.5 ± 2.4 MeV (1σ, [28] ), and as a consequence significant ejection from small crystals will occur. 3 H nuclei of this energy will have a mean range of ∼ 160 μm in apatite, titanite and zircon according to the SRIM software [24] . This is large enough that ejection will be large (F SF is likely to be very close to zero), so spontaneous fission is not a serious problem. Nucleogenic 3 He produced by the reaction 6 Li(n,α) 3 H is the largest probable source of non-cosmogenic 3 He. The production rate of 3 He (P n ) from this reaction is a function of the Li concentration within the crystal and the neutron flux in the rock. The neutron flux is controlled by 1) U and Th decays, which produce neutrons via spontaneous fission and more importantly from (α,n) reactions on light elements, and 2) the concentration of neutron absorbers within the rock [29] [30] [31] ). Although the production of neutrons will be highly localized within the radioactive minerals, because the neutron range is long and the radioactive phases are usually very small and widely distributed, the neutron flux will be essentially homogeneous at a hand-sample scale. Thus the production rate of 3 He from 6 Li will be completely independent of the U, Th concentration of any specific mineral, i.e., it is no higher in a U-rich zircon than in a nearby quartz crystal with the same Li concentration.
The
6 Li reaction ejects the 3 H nucleus with 2.7 MeV of energy. These particles have a stopping range of about 30 μm in common minerals [24] . Using the calculations for alpha ejection correction in (U-Th)/He dating [25] , this range will cause ejection losses for grains of > 50 μm minimum dimension such that F n will range from 0.2 to unity.
Ion probe measurements indicate sub-ppm concentrations of Li in apatite [11] and such low values likely apply to titanite and zircon as well. However as with cosmogenic production, we also need to consider implantation of tritium from Li in the host rock, P n,i . The sum of ejection and implantation of nucleogenic tritium will obey a relationship similar to that for spallation products in Eq. (1). The only difference is that S is well-known to be ∼ 30 μm. For example, Eq. (1) shows that assuming zero Li in the crystal of interest and 20 ppm in the host (a reasonable granitoid value [32] ), the 3 He production in spheres of 30, 75, and 200 μm radius will be equivalent to an "effective" Li content of 14, 6 and 2 ppm, respectively (i.e., F i values of 0.7, 0.3, and 0.1). Thus it seems likely that for the small grains typical of apatite, titanite and zircon, implantation rather than in-situ production will be the dominant factor controlling the nucleogenic 3 He concentration. Translating the effective Li concentration into a 3 He production rate requires knowledge of the major and trace element composition of the rock. Formulae presented by Andrews [30] and Lal [31] suggest a 3 He production rate of P n ∼ 0.014 at/g/yr per ppm Li for average granite or rhyolite, but this number probably varies at least over a factor of a few even among felsic igneous rocks. This variability mostly reflects variations in trace element composition (especially of U, Th, B, Sm, and Gd). Importantly, these authors assumed a homogenous distribution of elements in their calculations. At the length scale of α stopping (∼ 20 μm [25] ) across which (α,n) reactions occur, most rocks are chemically heterogeneous. In particular a large fraction of α particles will be produced and stopped in minerals with composition different from that of the whole rock. As a consequence the relevant composition for neutron production via (α, n) reactions is that of the U, Th bearing phases. These phases tend to be enriched in heavier elements that do not participate in (α,n) reactions [33] . For example, if one assumes that all α particles are produced (and stopped) in zircon rather than in homogenous granite composition, the neutron production would drop by almost 80% according to [29] . Martel et al. reached a similar conclusion [34] . These factors taken together suggest that the nucleogenic 3 He production rate is probably uncertain at about the order of magnitude level, and is probably significantly lower than the previously suggested value of ∼ 0.014 at/g/yr per ppm Li in granite or rhyolite.
The amount of nucleogenic 3 He depends not only on the effective Li concentration, but on the duration over which helium is retained, which is equivalent to the (UTh)/He age [10] . Taking the case of 6 ppm of effective Li in a 75 μm grain (see above) and using the high end production rate of ∼ 0.014 at/g/yr per ppm Li as an orderof-magnitude illustration, the nucleogenic 3 He production would be 84 katoms/g/Myr, which is equivalent to ∼ 800 years of SLHL exposure in apatite per Myr of (UTh)/He age. For the 7.5 Ma Bolivian ignimbrite this production rate would yield 0.6 Matoms/g, which is < 15% of the 3 He measured in even the deepest samples. Given the very large uncertainty and variability in the effective Li content of the trace phases and in the neutron production/absorption rate in the host rock, and large variations in (U-Th)/He ages of phases that might be attempted for surface exposure dating, it will be necessary to analyze unexposed samples to quantitatively assess the significance of nucleogenic 3 He.
Conclusions
Results from the Bolivia drill core demonstrate that cosmogenic 3 He can be readily measured in few-mg quantities of apatite, titanite, and zircon and provide the first empirical estimates of the 3 He apparent production rate in these phases: respectively 112, 97 and 87 atoms/ g/yr with a 2σ uncertainty of ∼ 20%. The attenuation length scale of 3 He of 180 ± 11 g/cm 2 is identical to that of Ne in coexisting quartz and similar to that of other cosmogenic isotopes produced by neutron spallation. There is no evidence for a significant muon-produced 3 He component at these shallow depths, nor for other sources of 3 He in any of these phases. While these data suggest the utility of cosmogenic 3 He dating of these minerals, several key issues remain. First, further work is required to establish the stopping distance of spallation 3 He and 3 H in common minerals. Stopping distances are probably comparable to the size of the crystals being analyzed, and this will cause the apparent production rate to lie between that of in-situ production in the host rock and that in the pure mineral being analyzed. Data presented here suggest the effect is likely smaller than about ± 10% in apparent production rate for common apatite, titanite and zircon grain sizes.
More important is the possible presence of nucleogenic 3 He from the 6 Li(n,α) reaction. While this source of 3 He is negligible in the Bolivian core because it has such a young (U-Th)/He age, many dating targets will be far older. Our calculations suggest several sources of uncertainty for estimating the magnitude of nucleogenic 3 He production. As with cosmogenic production, both in-situ production and implantation from Li in surrounding grains must be considered. The balance between these two sources depends on the contrast in Li concentration between them, and on the grain size being analyzed. In addition, variations in the composition and grain size of the U,Th bearing phases and in the major and trace element composition of the host rock can have order of magnitude level effects on the rate of nucleogenic 3 He production. An empirical approach of analyzing 3 He concentrations in unexposed samples is required to further assess the magnitude of this effect.
